Abstract: The green turtle, Chelonia mydas, has modified its feeding behavior to include the increasing abundance of nonnative algae growing in the greater Kāne'ohe Bay area of O'ahu in the Hawaiian Islands. Changes in diet of the green turtle are correlated with an increase in abundance of seven species of nonnative algae between 1977 and 2005. Turtles were found to be eating 130 species of marine vegetation, and the three most common were the nonnative species Acanthophora spicifera, Hypnea musciformis, and Gracilaria salicornia. These three abundant and nutritious food sources are now an important part of the turtle diet in addition to native species found in and near Kāne'ohe Bay. Chelonia mydas behavior has shifted to include these new seaweeds within 10 years of their introduction to the region. The turtles have also gradually included an additional four less-prolific slow-growing nonnative algal species (Eucheuma denticulatum, Gracilaria tikvahiae, Kappaphycus striatum, and Kappaphycus alvarezii), but the time it has taken turtles to include these species has been longer, 20-30 years, after the seaweeds were introduced. During this same 28-year time period numbers of C. mydas have increased throughout the Hawaiian Islands.
The feeding behavior and diet of the herbivorous green turtle, Chelonia mydas (L.), have been the subject of 28 years of research conducted between 1977 and 2005 throughout the Hawaiian Archipelago and especially in the vicinity of Kāne'ohe Bay, Hawai'i ( Figure 1 ). The green turtle has shown a remarkable ability to rebound from decline, largely due to conservation measures, such as protection from harvesting and other forms of take under the U.S. Endangered Species Act, and now the population is recovering (Balazs and Chaloupka 2004a, 2006) . However, a decline in the somatic growth rates of the turtles indicates that the population may be approaching carrying capacity and now available food may be limiting growth at some locations (Balazs and Chaloupka 2004b) . Shifts in the diet of the green turtle in Kāne'ohe Bay may be fortuitous for the turtles and their continuing recovery. This paper focuses on the ability of green turtles to modify their feeding behavior and take advantage of additional algal food sources.
Although understanding all aspects of green turtle biology is critical for the recovery of the species (Hirth 1997) , one of the more important conservation topics involves turtle feeding behavior, which includes knowledge of the species of algae, sea grasses, animals, and other items C. mydas is eating, and eventually protecting the most important foraging sites and food species they are utilizing (Balazs 1980 , Hirth 1997 , Russell et al. 2003 . It has been known for many years that C. mydas feeds on a wide variety of marine vegetation (Balazs et al. 1987 , Russell and Balazs 1994 , Arthur and Balazs 2008 . Data from the feeding habits of C. mydas have also been used to discover changes in the feeding behavior of C. mydas, which include nonnative species in its diet, and to follow the spread of Hypnea musciformis, a nonnative species, from its place of introduction on O'ahu to the other Hawaiian Islands (Russell and Balazs 1994, Smith et al. 2002) . Another study relating to the two sea-grass species Halophila hawaiiana and H. decipiens revealed that C. mydas had adjusted its feeding according to the abundance of these two sea-grass species, and as H. decipiens became more abundant the turtles began feeding on it in addition to H. hawaiiana (Russell et al. 2003) .
Our turtle diet study was initiated in the same decade when several species of marine algae were introduced to Hawai'i in the 1970s (Russell 1981 , 1992 , Eldredge and Smith 2001 . The greater Kāne'ohe Bay area was a critical location for the study of green turtle feeding behavior because many of the new transplants of nonnative algal species went directly into Kāne'ohe Bay (Russell 1983 (Russell , 1992 , and it was known when and where they were introduced (Figure 1 ). In this paper we investigate the hypothesis that C. mydas has modified its feeding behavior to include nonnative, introduced species of algae into its diet as they became more abundant in this well-known turtle foraging location.
materials and methods
Green turtles feed in foraging locations by nipping off small pieces of algae, sea grasses, and other food items with their beaks, pressing the water out on the roof of their mouth and swallowing. This gives a uniform size to the food items, which can be spread uniformly on a petri plate without further manipulation or maceration. The algae, sea grass, and other material become packed into a crop, a pouch located in the posterior region of the esophagus (Balazs et al. 1998 , Work 2000 . Diet samples for our study were obtained from stranded dead turtles at Figure 1 . O'ahu, Hawai'i, showing the location of the study: the Kāne'ohe Bay region including adjacent shores, the locations where stranded turtles were found, and the initial locations where nonnative algae were introduced. AS, A. spicifera; HM, H. musciformis; GS, G. salicornia; ED, E. denticulatum; GT, G. tikvahiae; KA, K. alvarezii; KS, K. striatum. the time of necropsy; each sample represents the necropsy of one turtle. Carcasses were salvaged for necropsy through a widely publicized sea turtle stranding research program (Chaloupka et al. 2008) . Analysis was done, using SPSS 15.0 (SPSS Inc., Chicago), on 372 samples from turtles found at 31 locations in the Kāne'ohe Bay area (Figure 1 ) from 1977 to 2005, from Kahana to Mō kapu Point (Figure 1) . Sampling was entirely dependent on the finding and reporting of stranded dead turtles, and this led to receiving up to 38 samples each year. The average number of samples received was 12.3/year; during 1982-1984 there were no samples, therefore interpolated data were used for those 3 years.
One 50 ml sample was taken from the crop of each turtle, preserved in 10% formalin/ seawater, and analyzed microscopically by D.J.R. (Russell and Balazs 2000) . Identification of major algal species and sea grasses was based on the latest knowledge of algae available at the time and later modified to show the most up-to-date taxonomy possible (Phillips and McRoy 1980 , Abbott 1999 , Abbott and Huisman 2004 , Huisman et al. 2007 ).
The entire 50 ml sample was suspended evenly and poured into a 2 Â 14 cm petri plate with 32 squares (2 Â 2 cm) etched into the bottom. The sample was examined under a stereomicroscope and the species fragments sorted onto the squares, which were counted and converted into percentages. The percentages represent both the surface area covered by each species and are also a measure of the volume they represent (1.6 ml of sample covers each 2 Â 2 cm square). Examination ended when all the trace species were recorded using a compound microscope. Trace species were those that represented less than 1% of the sample. Frequency represents the proportion of samples in which the diet items were observed and the average percentage represents the proportion that the diet species contributed to the total samples.
results and discussion Green turtles in Kāne'ohe Bay were eating 130 species, mostly marine algae, but also two species of sea grasses (Table 1) . Of the 130 species, 81 (62.3%) were found in trace amounts because they either were nearly microscopic or occurred in small amounts and only one to three times out of the total 372 samples (Table 1) . Acanthophora spicifera was found in more samples (64.0%) than any other species, followed by Hypnea musciformis (41.4%) and Gracilaria salicornia (37.0%); each of these is a nonnative alga (Russell 1981 (Russell , 1992 . Four additional nonnative algae species were also present in the samples: Eucheuma denticulatum (2.2%), Kappaphycus alvarezii (1.3%), Kappaphycus striatum (1.1%), and Gracilaria tikvahiae (0.8%). A few native species were present in nearly all of the samples (98%), but only three nonnative species contributed more than 40% of the amount eaten by the turtles (Figure 2 , Table 1 ). Only 22 species, or 16.9% of the total number of species, accounted for >4% occurrence in the turtles' food items (Table 1) . The remaining 108 species were either sparse or microscopic in size and found as trace amounts. The most important native species, in order of their contribution values to the turtle diet, were Pterocladiella capillacea, Codium edule, Amansia glomerata, Codium arabicum, Halophila hawaiiana, Dictyosphaeria cavernosa, and Spyridia filamentosa. This indicates that the three nonnative species were contributing an important proportion of the green turtle diet when compared with native species.
The history of algal introductions into Kāne'ohe Bay has been well documented (Russell 1981) . Acanthophora spicifera was the first nonnative seaweed recorded for the Hawaiian Islands. It entered O'ahu on the leeward side, probably as fouling on a barge from Guam, into Pearl Harbor, in 1950 and by 1954 was found growing on reefs in the Kāne'ohe Bay region. By 1956 it had also spread to Kaua'i and other Hawaiian Islands (Doty 1961) . Studies between 1978 and 1993 showed that A. spicifera was being utilized by turtles for food and was present in 34% of the 802 turtle samples taken throughout the Hawaiian Islands (Russell and Balazs 1994) . By 2005 that quantity had increased to 64% frequency in the samples, and the quantity of Dietary Shifts in Hawaiian Green Turtles . Russell and Balazs A. spicifera increased from an average of 36.4 to 44.1% of the amount of algae in the samples (Figure 3 ). Acanthophora spicifera consistently made up 10% of the algae in the turtle samples from 1990 to 2005. Hypnea musciformis was introduced directly into Kāne'ohe Bay from Florida for marine agronomic purposes in January 1974 (Figure 1) , and the first turtle crop sample containing H. musciformis was discovered in October 1977 (Russell and Balazs 1994) . However, it did not become a food item that was found in turtle samples consistently year after year until after 1985, 11 years after it Figure 2 . The 10 algal species most commonly found in turtle samples arranged in order of their frequency. Numbers represent the average percentage amounts they contributed to the samples from a total of 372 samples. Asterisks (*) indicate nonnative species: AS, A. spicifera; HM, H. musciformis; GS, G. salicornia. The remainder are native species: PC, P. capillacea; CE, C. edule; AG, A. glomerata; CA, C. arabicum; HH, H. hawaiiana; DC, D. cavernosa; SF, S. filamentosa. a ''Only trace'' indicates that the species never occurred in quantities greater than 1%; ''trace'' with a percentage indicates that the species occurred in one to three samples in quantities greater than 1%, the average of these few samples is given, and in all other samples it was only a trace. * Nonnative species.
was introduced to the bay ( Figure 3 , Table 2 ). Hypnea musciformis was introduced onto reef flats and has been consistently present in samples and has made up about 5% of the algae in samples from 1990 to 2005 (Figures 1, 3 ).
Gracilaria salicornia was introduced to Waikīkī, O'ahu, in April 1971 from Hilo, Hawai'i, and later to Kāne'ohe Bay, near Lilipuna pier (Figure 1 ) in September 1978 (Russell 1981) . The first turtle sample con- Figure 3 . First occurrence and subsequent appearances for nonnative algal species in turtle samples. Bars represent the combined proportional contributions to the total average percentage by only the nonnative species in the samples from 1990 to 2005. AS, A. spicifera; HM, H. musciformis; GS, G. salicornia; ED, E. denticulatum; GT, G. tikvahiae; KA, K. alvarezii; KS, K. striatum. (Figure 3 ), 13 years after it was introduced to the bay. These data suggest that it takes about 10-13 years for a successful newly introduced nonnative species to become part of the regular (found consistently year to year) diet of C. mydas. Gracilaria salicornia was found in samples consistently year to year only after 1991 (Figure 3) , and after 1999 G. salicornia regularly made up about 10% of the algae in the Kāne'ohe Bay area samples. Eucheuma denticulatum was introduced to Kāne'ohe Bay from the Philippine Islands in October 1970 and planted on several reefs (Figure 1) . It was cultivated extensively on Coconut Island (HIMB) in experiments designed to gather data for the propagation of this marine alga to supply seaweed farms throughout the Pacific (Russell 1983) . The first turtle sample found with E. denticulatum was discovered in April 1991, 21 years later (Figure 3) , and it has been in a total of only eight samples during the 15 years to the end of 2005. Eucheuma denticulatum is still not abundant in Kāne'ohe Bay and has not spread quickly, when compared with H. musciformis and G. salicornia, and consequently it has been slow in becoming part of the regular diet of turtles during each year.
Kappaphycus alvarezii was introduced from the Philippine Islands to Kāne'ohe Bay in September 1974 and planted on several reefs (Russell 1983) (Figure 1 ). It first appeared in turtle samples in September 1992 (Figure 3) , 18 years later, and sporadically in only five samples during the 13 years through 2005. Like E. denticulatum, it too is still not abundant in Kāne'ohe Bay, has not quickly spread, and is only slowly becoming a part of the turtles' regular diet.
Kappaphycus striatum was introduced to Kāne'ohe Bay from Pohnpei and the Philippines in 1974 and planted on several reefs (Russell 1983) (Figure 1 ). It first appeared in turtle samples 20 years later, in April 1993 (Figure 3 ). Since then it has been discovered sporadically and was only found in four samples during the 12 years to 2005. Its appearance in turtle samples was noted in 1993 and then much later again only in 2003 ( Figure  3) . It was only able to grow well and spread when it was intensely cultivated on a reef on Coconut Island (HIMB) (Figure 1) , and after the cultivation activity ended it has remained in only small amounts in isolated patches in the bay. These last three commercially valuable species were released into Kāne'ohe Bay, where they are continuing to survive without cultivation, do not reproduce rapidly, are not abundant, and have not spread to adjacent areas. It has taken about 20 years for the slower-growing species that do not spread quickly, but that are still successful nonnative species, to become an occasional part of the turtles' diet, and they are not yet consistently found in samples every year.
Gracilaria tikvahiae was introduced from Florida to Kāne'ohe Bay in 1976 and has been cultivated in ponds on marine farms near Mō li'i and Mohi (Figure 1) for the purpose of selling it as a fresh vegetable (Russell 1981) . The first time it was discovered in turtle samples was in April 1992 (Figure 3) , 16 years later, and it has been found in only three samples during the 13 years since; the last being in August 2005. It has not yet become an established part of the green turtle diet 30 years after it was introduced to Kāne'ohe Bay. This is probably because G. tikvahiae is mostly confined to fenced farms, and we have observed that it is located in only a few places near shore adjacent to those seaweed gardens.
Our research shows that green turtles are eventually able to find and utilize newly introduced sources of food as the established algae species become sufficiently abundant in the turtle's foraging locations, although this may take several years.
The diet shift by green turtles toward the abundant nonnative algal species in the Kā-ne'ohe Bay study area increased from 1977 to 2005 (Figure 4) , with the average of nonnative species in turtle crop samples being significantly higher than the native species ( Figure 5) . The best fit, using natural log transformation, helps visualize the data and shows that the nonnative algae increased and overtook the declining native algae during approximately [1985] [1986] [1987] (Figure 4) . Also, there are relatively few nonnative species contributing a greater amount to the turtle diet from the Kāne'ohe Bay area when compared with the larger number of native species that are each contributing less.
When these data are compared between the small number of nonnative algae and the large number of native algae, the importance of the nonnative species to the diet of the turtles becomes even more apparent ( Figure  5 ). On average, from 1985 to 2005 the five nonnative species composed 58% of the turtles' food, and the 115 native species composed 42% of the food turtles were using in the Kāne'ohe Bay area (Table 1) . This means each nonnative species was providing about 11.6% of the food to the turtles, and each native species was only providing 0.4% of their food. The transition by turtles to use these newly introduced food sources occurred between 1980 and 1990 (Figure 4) , after which the turtles chose to eat more of the abundant introduced food sources. It took less than 10 years for Chelonia mydas to actively modify its diet to include nonnative species of algae as they became more abundant in relation to the available native species (Figures 4, 5) .
Abundance alone is probably not the only reason the turtles are utilizing the nonnative species, because preference and nutrition are also important. The native species Dictyosphaeria cavernosa and Dictyosphaeria versluysii, succulent green algae, are quite abundant in this region (Russell 1981) but are not utilized as much as expected. They represented only 10-17% of the samples and only 5% of the algae present (Table 1) . Green turtles in Florida are also selective in what they eat and prefer some algae over others and even avoid eating some algae that are readily abundant and available to them (Gilbert 2005) . In the Kāne'ohe Bay region, Halimeda discoidea, a highly calcified green seaweed, is also abundant and available to the turtles (Russell 1981) but is seldom present in the samples: 7.8% of the samples and mostly in trace quantities (Table 1) . Padina japonica is also abundant on the reef and commonly available to turtles but is utilized only 2.7% of the time and is probably eaten incidentally along with more important food items, since it too is found mostly in trace amounts. Lyngbya majuscula is a small filamentous cyanophyte that was found in 13% of the samples, but it was nearly always present in trace amounts (Table  1) . It could be an important ingested item related to adverse health effects, even in small amounts, because at times it is known to become toxic and is occasionally present on the reefs in large quantities as a bloom (Arthur et al. 2006) . Gilbert (2005) found that juvenile green turtles in Florida were feeding primarily on Hypnea spp., which is similar to what our data show for Hawai'i. Other species found in the diet of Florida turtles also included Gelidium spp., which are similar to Pterocladellia capillacea in color, texture, and size, as seen in our samples. Gracilaria sp. and A. spicifera were also common in Florida turtle samples and are also common in the Hawai'i turtle samples (Table 1) . Hypnea sp., in the Florida study, had a higher nutritional value and was lower in fiber than the less-nutritious species that were not selected by turtles, and the turtles actively avoided those less-valuable species (Gilbert 2005) . These results paralleled what was found in Hawai'i but with important differences.
The most common marine plants from turtles found by Arthur and Balazs (2008) , in Hawai'i, were A. spicifera, Hypnea sp., P. capillacea, H. hawaiiana, H. decipiens, and Cladophora sp. All of these species were present in our samples, but C. arabicum, C. edule, and A. glomerata were more important in our samples than the two sea-grass species recorded by Arthur and Balazs (2008) . However, their study clearly showed that turtles selectively feed on different species in different pastures; therefore variations in turtle diet between study areas are reasonable and expected.
In addition, the nutritional value of the three most common nonnative algae in turtle samples is similar to that of the native species ). These new and abundant nonnative species are now supplying the turtles with an important source of energy and protein in addition to the native species they continue to include in their diet. The diet shift by C. mydas to include the introduced algae food sources in the Kāne'ohe Bay region was a behavior pattern that was repeated every time a newly introduced food source became available to them.
conclusions Important conservation efforts in Hawai'i have successfully reversed the downward trend for C. mydas, and as the population appears to be approaching carrying capacity the importance of protecting and maintaining adequate food in their foraging areas becomes critical. The increasing numbers of green turtles in Hawai'i (Balazs and Chaloupka 2004a , Hays 2004 , are directly a result of conservation measures, and appear to be due to turtles finding, selecting, and using newly introduced supplemental seaweed food resources. Green turtle nesters increased noticeably after 1985 and this was during the same time period that turtles began utilizing the new food sources in the study area foraging grounds (Figure 4 ). These food sources appear to be contributing to the carrying capacity of the green turtle's habitat and also to its recovery in Hawai'i. acknowledgments For long-term contributions to dietary studies of free-ranging green turtles throughout the Hawaiian Islands we sincerely thank the following individuals, agencies, and organizations: Isabella A. Abbott, Karen Arthur,
